Abstract
Introduction

36
Super-resolution fluorescence techniques have enabled optical imaging beyond the 37 diffraction limit. Two main illumination strategies are used to achieve super-resolution: wide-38 field illumination is typically used for single-molecule localization microscopies (SMLM) 39 such as STORM 1 and PALM 2 , while patterned illumination is typically used for methods 40 such as structured illumination microscopy (SIM) 3,4 and stimulated emission depletion 41 (STED) 5 . Initial implementations of these methods were relatively slow, in part due to the 42 use of the time domain to separate single molecules (SMLM), the need to collect multiple 43 images to cover Fourier space (SIM), or the scanning of a reduced excitation volume 44 3 (STED). In both wide-field and patterned illumination, the imaging throughput -defined as 45 the area imaged per time -can be increased by parallelizing the acquisition, as long as the 46 necessary illumination can be maintained over a larger surface in the sample plane. 47
Extending the array of patterned excitation has been used to increase the speed or FOV of 48 confocal 6 , STED 7, 8 and SIM imaging 9 , but ensuring the quality of the extended pattern 49 across a larger FOV remains a limiting factor. For SMLM, flat-fielding approaches made it 50 possible to extend super-resolution imaging over ~100x100 µm 2 FOVs 10, 11 , but their transfer 51 to patterned illumination remains limited. 52
An entirely different approach to effectively achieve super-resolution modifies 53 sample preparation rather than image acquisition. By physically increasing the size of the 54 specimen in an isotropic manner via expansion microscopy 12 (ExM), overall imaging 55 throughput can be increased by opting for faster diffraction-limited microscopes [12] [13] [14] . 56
Alternatively, combining ExM with existing super-resolution microscopies allows even 57 further improvement in resolution [14] [15] [16] [17] [18] , since the resolvable scale is reduced by the 58 expansion factor. However, expansion exacerbates limitations in imaging throughput since 59 the effective FOV size is divided by the expansion factor along each dimension 19 . 60
Therefore, fast, parallelized, super-resolution techniques with large FOVs present an 61 advantage for imaging ExM samples, among other applications. 62
The instant structured illumination microscope (iSIM) 9 uses parallelization in the 63 form of multifocal excitation and optical image processing to achieve a two-fold 64 improvement in resolution, at frame rates reaching 100 Hz. While this gives the iSIM good 65 potential for high-throughput super-resolution imaging, spatially varying illumination 66 produces a spatially dependent signal to noise ratio while restricting the imaging FOV to 67 ~50x50 µm 2 . Although solutions for producing homogeneous multi-focal excitation exist 68 using diffractive optical elements 20 , spatial light modulators (SLM) 21 , multi-mode fibers 22 or 69 beam splitters 23 , each suffers from some combination of a limited number of excitation 70 spots 20, 21, 23 , heterogeneity 21, 23 or low transmission efficiency 20 . 71
4
In this work, we develop a flat-fielding element for multi-focal excitation, dubbed 72 mfFIFI. Our design is based on the Koehler integrator [24] [25] [26] and ensures that the 73 homogeneity, pitch and size of the excitation spots are optimized. We integrate mfFIFI into 74 an iSIM to engineer an instrument capable of 3D multi-color imaging with uniform quality 75 and doubled resolution over a 100x100 µm 2 FOV. We further parallelize the acquisition 76 across multiple FOVs, stitching them together to create seamless montages of tens of 77 super-resolved living cells within seconds, enabled by the homogeneous illumination. 78
Finally, we combine the mfFIFI iSIM with ultrastructure expansion microscopy (U-ExM) 31 to 79 perform high-throughput super-resolution imaging with an effective resolution of ~35 nm. 80
We use this to collect 3D images of hundreds of expanded centrioles in human cells, and 81 thousands of expanded purified Chlamydomonas reinhardtii centrioles. These particles are 82 averaged to reconstruct maps of post-translational modifications (PTMs) of centriolar 83 tubulin, revealing differences in the spatial organization of acetylation, monoglutamylation 84 and polyglutamylation. 85
Results
86
Design and implementation of homogeneous multifocal excitation 87
Generating a uniform irradiance over a large FOV while retaining the highest 88 achievable resolution requires the following properties of the excitation focal spots in a 89 multi-focal microscope: 1) homogeneous intensity, 2) constant pitch and 3) diffraction-90 limited size across the field of view. Existing methods for generating uniform excitation are 91 often limited to producing a low number of excitation spots, with residual heterogeneity and 92 low transmission efficiency. Thus, we set out to extend the Koehler integrator Previously, multifocal excitation for the iSIM was generated by illuminating a 118 microlens array (MLA) with a collimated Gaussian beam 6, 9 . As expected, the non-119 homogeneous beam profile results in excitation points whose intensity depends on their 120 location, a result which is recapitulated in a wave optics simulation (Figure 1a To further increase throughput, we sought to expand purified centrioles to capture 313 dozens of pairs within a single FOV rather than just one per cell. We used centrioles 314 purified from Chlamydomonas reinhardtii to this end since the U-ExM protocol had been 315 optimized for this species 31 . Similarly to what we observed with human centrioles in the 316 cellular context, we observe that in centrioles purified from Chlamydomonas reinhardtii, 317 acetylated tubulin colocalizes with the microtubule wall along the entire length of the 318 organelle (Figure 4c ), in agreement with previous reports 42 . In contrast, we found that 319 tubulin monoglutamylation (MonoE) is concentrated in the central core region of 320
Chlamydomonas reinhardtii centrioles (Figure 4d) , as previously reported 42 . Since MonoE 321 recognizes the first glutamylation branching required for polyglutamylation (PolyE), we 322 would expect the distribution of PolyE to partially or completely overlap with that of MonoE. 323 Surprisingly, we found that although PolyE also localizes on the outer surface of the 324 microtubule triplets where it has been suggested to localize to the C-microtubule Table 2 ). Having obtained 3D rather than 2D 331 particles allowed us to use fewer particles to perform averaging and high-resolution 332 multicolor reconstruction 44 compared to previous approaches using STORM 45 or electron 333 microscopy 46, 47 . Thus, we classified particles before reconstruction to identify and average 334 only those particles sharing a high degree of similarity (ranging from 10-50% of the whole 335 dataset), and thereby achieve even higher resolution reconstructions (Figure 4f-h,  336 Supplemental information, Supplemental Figure 9 ). Here, we have focused on the most 337 frequently appearing class, but other classes could also be independently reconstructed. 338
For mapping multiple PTMs within the centriole, we employ dual-color labeling, using α-339 tubulin staining of the microtubule triplet wall as a reference to subsequently align all PTMs 340 (Supplemental Figure 10) . 341
The resulting reconstructions revealed an unexpected shift in the tangential position 342 of the PolyE signal from the proximal to the distal end (Figure 4h) , which is also sometimes 343 visible in individual raw particles (Supplemental Figure 8b inset, Figure 4e ). To account 344 for this shift, we considered two possibilities: 1) the whole microtubule triplet twists around 345 its axis while the PolyE signal remains localized to the C-microtubule 48 giving it an apparent 346 twist, and 2) the PolyE signal changes microtubule localization within the microtubule triplet. 347
Arguing against the first possibility, the microtubule triplet twists only within ~100 nm of the 348 proximal end (Le Guennec et al., in press), while in our reconstruction the PTM twist occurs 349 within a wider region covering ~250 nm from the proximal end,. Moreover, we determined 350 that the first possibility would be expected to cause a moderate ~6 nm shift of the PolyE 351 signal, and the second a more pronounced ~35-40 nm shift (Supplemental information, 352
Supplemental Figure 11) . From our reconstruction, we measure a twist of ~34.9 nm, 353 which cannot be explained purely by twisting of the microtubule triplet (Figure 4i,j,  354 Supplemental information, Supplemental Figure 11) . Therefore, we propose that 355 polyglutamylation changes localization within the microtubule triplet along the centriole, 356 moving from A-on the proximal end to the C-microtubule more distally. 357
Conclusion
358
To summarize, we designed a flat-fielding method for efficient multifocal excitation, 359 accompanied by a wave optics simulator which ensures optimal resolution performance. 360
While the Koehler integrator has spot generating properties when used with coherent 361 illumination, it introduces a strong wavelength dependence of the periodicity, making it 362 unsuitable as such for multi-color applications 26 . mfFIFI provides a largely wavelength-363 17 independent solution for generating homogeneous multi-focal excitation, while benefiting 364 from the homogenizing properties of the Koehler integrator. We implemented the mfFIFI 365 module into an iSIM microscope, since its fast acquisition speeds and resolution doubling 366
give it good potential for high-throughput super-resolution imaging. However, the mfFIFI 367 module could be extended to any multi-focal excitation microscope such as a spinning disk 368 confocal microscope 6 using a Nipkow disk configuration, but not with other flat-fielding 369 solutions using diffractive optical elements ). In our case, the collected datasets were sufficiently large to allow particle 384 classification prior to averaging, an approach which improves the resolution of the 385 reconstruction and which, to our knowledge, has not been previously used for fluorescence 386 super-resolution. In addition to a 100-1000-fold improvement in throughput of iSIM/U-ExM 387 over HT-STORM 10,45 or easySLM-STED
32
, expanded samples offer enhanced accessibility 388 of antibodies to bind proteins in crowded assemblies. Beyond particle averaging, high-389 content or machine learning approaches rely on large datasets for training or screening, 390 and can benefit from the combination of throughput and resolution described here. 391
Our previous attempts to image centriolar microtubules with STORM proved largely 392 unsuccessful, restricting previous studies to the more accessible epitopes 45 . Here, we 393 reveal previously unobserved molecular organization, showing high coverage of 394 polyglutamylation in human centrioles, as well as precise localization to microtubule triplets 395 along the Chlamydomonas reinhardtii centriole. We find that polyglutamylation appears to 396 shift from the A-microtubule proximally to the C-microtubule more distally. It is possible that 397 such a glutamylation shift reflects a centriolar tubule code that defines the spatial 398 boundaries of the various elements that compose it, which could determine the positioning 399 of different structural elements along the length of the organelle. To obtain the data shown in Figure 1e , h, we used the characterization platform to 497 test the parameters affecting the spot size and pitch. A Vernier caliper was used to 498 measure the iris opening diameter, which was varied methodically to control the size of the 499 beam which illuminates the MLAs. Images of the beam at different iris opening diameters 500 were analyzed using a MATLAB script, which allowed us to fit each excitation point to a 2D 501
Gaussian and measure the multifocal points' mean spot FWHM as function of iris diameter. 502
In order to study the variation in the pitch of the multifocal points, the distance between the 503 Fourier lens and the second flat-fielding MLA was varied by displacing the flat-fielding 504 MLAs. A MATLAB script is used to measure the mean pitch at each distance, so that the 505 relationship between this distance and the pitch can be determined. 506
Image analysis 507
Plateau uniformity quantification 508
The homogeneity was quantified using the plateau uniformity definition based on the 509 FWHM of the histogram of the intensity values, according to ISO, ISO 13694:2018: Optics 510 and optical instruments -lasers and laser-related equipment -test methods for laser beam 511 power (energy) density distribution. 512
Illumination profile measurement 513
The illumination profiles used to optimize the pitch (telecentricity) and spot size of 514 the multifocal excitation were visualized using a small color CMOS camera (DCC1645C, 515 Thorlabs), placed in an intermediate image plane of the iSIM, between the second scan 516 lens and tube lens, to avoid introducing other aberrations along the whole optical path of 517 the iSIM. 518
The excitation profile at the sample was measured using a highly concentrated 519 fluorescent dye sample 32 , as previously described 9 . Briefly, sodium fluorescein (NaFITC) 520 powder was diluted in deionized water, followed by vortexing and sonication until the 521 powder was completely dissolved. A 10 µL drop was placed on a 25 mm coverslip, before 522 covering with a 12 mm coverslip. The sample was then sealed using nail polish. The same 523 dye sample was used to measure both the 488 nm and 561 nm illumination profiles. The 524 illumination spots were characterized by fitting a 2D Gaussian to the intensity image. The 525 threshold was set so that no points in the background were detected. The scanning profiles 526
were measured with a 150 pixel thick line in Fiji
50
. 527
In the case of excitation spots visualized in Figure 1f , g and the quantification in 528 To analyze the PTM distribution along the length of the centriole and their coverage, 545
we measured the intensity profile along the length of the centriole using a 10 pixel thick line 546 and from summed intensity projections of side view centrioles (centriole barrel orthogonal to 547 the imaging axis). We then took the width of the profile at ¼ of the maximal signal as the 548 length, to be less susceptible to noise. The coverage was then calculated by dividing the 549 length of the PTM in question, by the length of the reference label (acetylated tubulin for 550 human centrioles and α-tubulin in the case of Chlamydomonas reinhardtii centrioles). 551
Multiple field of view stitching 552
For stitching of multiple images, raw images or z-stacks were acquired with a 10% 553 overlap for both Gaussian and mfFIFI excitation. The acquired images were then combined 554 using the Grid/Collection stitching tool in Fiji 50 using the linear blending method with the 555 default values of 0.30 for regression threshold, 2.50 for max/avg displacement threshold 556 and 3.50 for absolute displacement threshold. 557
Wave optics simulations 558
The mfFIFI simulation platform has been adapted based on previous work 9 . All 559 simulations are based on standard numerical Fourier optics algorithms and rely on angular 560 spectrum propagation methods to simulate the propagation of an optical wave. An initial 561
simulation showing the effect of illuminating the excitation MLA with Gaussian and flat-562 fielded profiles was performed using phase masks to represent optical components. 563
The parameters used for the simulation are summarized in Supplemental Table 1 . 564
Centriole expansion protocol 565
Chlamydomonas reinhardtii centrioles were isolated from the cell-wall-less strain 566 CW15-51 and expanded using the U-ExM protocol 31 . Briefly, isolated centrioles were spun 567 on 12mm Poly-D-Lysine-coated (ThermoFisher, A3890401) coverslips prior to U-ExM. For 568 human cell expansion, cells were initially seeded on 12 mm coverslips before being fixed 569 with 4% PFA. Coverslips were then incubated in a solution of 0.7% formaldehyde and 1% 570 acrylamide in PBS for 4-5 hours at 37˚C. Next, coverslips were incubated in the monomer 571 solution for 1 minute on ice and then shifted to 37˚C, for 1 hour in a dark and humidified 572 chamber. For one gel, the monomer solution is made of 25 µL sodium acrylate (Sigma-573 Aldrich, 408220, 38% (wt/wt, diluted with nuclease-free water)), 12.5 µL acrylamide (Sigma-574 Aldrich, A4058, 40% stock solution), 2.5 µL N,N'-methylenbisacrylamide (Sigma-Aldrich, 575 M1533, 2% stock solution), and 5 µL 10X PBS, supplemented with 2.5 µL TEMED and 2.5 576 µL APS (from 10% stock solutions). Once polymerized, gels were moved into denaturation 577 buffer (200 mM SDS, 200 mM NaCl and 50 mM Tris in nuclease-free water, pH 9) for 15 578 minutes at room temperature with gentle shaking and then shifted for 30 minutes to 95˚C in 579 an 1.5 mL Eppendorf tube with 1 mL of fresh denaturation buffer. Then, gels were placed at 580
